Considering the importance of nucleosome position with regard to how regulatory factors recognize their binding sites in chromatin, we have investigated the inherent nucleosome positioning properties of a transcriptional enhancer of the albumin gene. In the liver, where the albumin gene is highly expressed, the enhancer exists in an array of precisely positioned, nucleosome-like particles with transcription factors bound. In the absence of specific binding factors, such as in non-liver tissues or in polynucleosome arrays assembled in vitro, nucleosomes are randomly positioned over the enhancer. Herein we investigate the intrinsic nucleosome positioning properties of the central enhancer sequence assembled into mononucleosome core particles in vitro. We find that the enhancer DNA prefers three translational positions, each of which utilizes different rotational settings on the nucleosome core. We conclude that DNA binding factors that position nucleosomes may do so by stabilizing one configuration out of several that can be adopted by the underlying DNA, and that the potential exists for different positions to be stabilized at different stages of development.
INTRODUCTION
DNA in eukaryotic cells is packaged into nucleosomes, and there are various mechanisms by which specific DNA sequences can be positioned in the particles. DNA in the nucleosome core is wound 1.8 times around a histone octamer consisting of two molecules each of histones H2A, H2B, H3 and H4. A higher level of chromatin condensation is provided by linker histones of the H1 class, which bind to sequences between nucleosome cores. Genetic studies in yeast have shown that changes in the levels and amino acid sequence of the core histones have dramatic effects on the induction and repression of specific groups of genes (1, 2) , indicating that nucleosomes are the native environment within which regulatory factors function. In this paper, we investigate how a nucleosome is positioned over transcription factor binding sites at a gene regulatory sequence.
Nucleosome positioning is proving to be an integral part of the organization of nucleoprotein complexes at promoters and enhancers. In some cases, such as for genes encoding Xenopus 5S rRNA (3, 4) and vitellogenin B1 (5) , yeast PH05 (6) , Drosophila adh (7) and the mouse mammary tumor virus long terminal repeat (MMTV LTR; 8), DNA sequences possess the inherent ability to position nucleosomes precisely. In the above cases, nucleosomes can appear to occupy a single position. In other cases, such as at the yeast STE6 (9) and GAL1/GAL10 (10) and the Drosophila hsp26 (11) promoters, as well as at the mouse serum albumin enhancer (12) , nucleosomes are positioned in vivo only as a consequence of specific factor binding. However, in these latter cases it is not clear whether the regulatory factors binding to their cognate sequences are sufficient to determine nucleosome position, or whether the underlying DNA sequence plays a role. Resolution of this issue is important to understand how such nucleoprotein complexes are assembled.
Liver-specific transcription of the serum albumin gene in mice is controlled by an enhancer element 10 kb upstream of the promoter (13) . Chromatin analysis at the nucleotide level of resolution showed that three nucleosome-like particles, designated N1, N2 and N3, are precisely positioned over the albumin enhancer in liver nuclei (12) . The N1-N3 particles span the region where essential transcription factors bind their sites in liver nuclei, whereas in non-liver tissues, the factors are not bound and nucleosomes are not positioned over the enhancer. These observations led to the hypothesis that factors binding to the albumin enhancer in liver nuclei help position the N1, N2 and N3 particles. In this paper we focus on the N1 particle, which spans 180 bp of DNA.
Of the various factors that bind the N1 particle in vivo, members of the hepatocyte nuclear factor 3 (HNF3) family are likely candidates for organizing chromatin structure. Albumin enhancer function is critically dependent upon HNF3 binding to two sites, designated eG and eH, which are separated by 20 bp at the center of N1. HNF3 proteins bind at preferred sequences, selectively activate numerous liver-specific genes, and are highly enriched in the adult liver, lung and stomach (15) , which are derived from the embryonic gut. The crystal structure analysis of the HNF3 DNA binding domain reveals a configuration very similar to that of histone H5, a linker histone in the H1 family (14) , and the HNF3 * To whom correspondence should be addressed DNA binding domain is closely related to that of the Drosophila fork head protein, which is essential for gut formation in the fly (16) . Indeed, several proteins present in Drosophila embryos bind specifically to the mouse albumin eG and eH sites, and when a crude extract from the embryos was used to assemble nucleosomes on plasmids bearing the albumin enhancer, positioning of a particle over the N1 sequence was dependent upon factors binding to the enhancer eG site (12) . Thus, nucleosome positioning at N1 is dependent upon binding of proteins in the HNF3/fork head family.
Here we consider the possibility that the DNA sequence spanning the N1 particle also plays a role in nucleosome positioning. Such a role cannot be dominant in chromatin, because in complex polynucleosome arrays in the absence of HNF3, a nucleosome is not positioned at N1 (12) . However, by limiting chromatin assembly to the formation of mononucleosomes over the N1 region, translational positions preferred by the underlying DNA sequence might be revealed. Accordingly, we have reconstituted mononucleosome particles in vitro over four different segments of the N1 region and used several methods to analyze the positions of the histone octamer. The results indicate that the albumin enhancer DNA selects a subset of available nucleosome positions. These findings are used to develop the hypothesis that DNA binding factors position nucleosomes in conjunction with the intrinsic positioning ability of the underlying DNA, and that such factors might stabilize different nucleosome configurations, causing different states of gene activity.
MATERIALS AND METHODS

Purification of core histones and DNA synthesis
Nuclei were isolated from a sheep liver as described (17) . Core histones were purified from the nuclei as reported (18) . DNA fragments for nucleosome assembly were created by PCR. End labeled fragments were generated using oligonucleotides phosphorylated with [γ-32 P]ATP. Internally labeled fragments were generated by addition of [α-32 P]dATP and [α-32 P]dCTP in the PCR. After PCR, all DNA fragments were gel-purified and quantitated by scintillation counting and by comparison with DNA standards in gel electrophoresis to determine specific activity and concentration. PCR primers used were as follows (all listed 5′ → 3′): 180 bp particles, top-CGAGATGGTACTTTGTGTCTCCTGC, bottom-TTTCCTATTGCTTTAA; 151 bp A particles, top-CGA-GATGGTACTTTGTGTCTCCTGC, bottom-TATTGATCAGTC-CAAA; 152 bp B particles, top-TGTGTCTCCTGCTCTG, bottom-AAAGGCAGAGGACTGTA; 152 bp C particles, top-GTCAGCAGGGCACTGT, bottom-TTTCCTATTGCTTTAA; MMTV 171 bp particles, top-GCTTAAGTAATTTTTG, bottom-TCTTGGTTTACATAAG.
Assembly and purification of nucleosome core particles
Mononucleosome core particles were assembled using purified core histones and DNA fragments by the salt-urea gradient dialysis method essentially as described (19) . Assembly reactions contained 0.5-2 µg of the specific DNA fragment, 5-20 µg Sau3AI digested salmon sperm DNA, and 0.8 µg histones per µg of DNA. After dialysis, assembly reactions were transferred to a siliconized microcentrifuge tube and stored at 4_C. Nucleosome core particles and free DNA were separated by centrifugation on 5 ml, 5-30% linear glycerol gradients in a buffer containing 50 mM Tris-HCl pH 7.5, 1 mM EDTA and 0.03 mg/ml BSA. After centrifugation at 35 000 r.p.m. in a SW50.1 rotor for 18 h at 4_C, gradient fractions of ∼250 µl were collected. An aliquot of each fraction was electrophoresed on 4% polyacrylamide gels in 0.5× TBE to locate fractions containing nucleosome cores, and another aliquot was counted in a scintillation counter in order to determine the amount of DNA in each fraction. Fractions containing nucleosome cores were pooled, dialyzed against 10 mM Tris-HCl pH 8.0, 1 mM 2-mercaptoethanol, and concentrated in Centricon-10 concentrators (Amicon).
Protein analysis of nucleosome cores
Protein from pooled gradient factions was concentrated in Microcon-10 concentrators (Amicon) to a final volume of 20 µl. Protein was then added to an equal volume of 2× SDS sample buffer (60 mM Tris-HCl pH 6.8, 1% SDS, 20% glycerol, 4 M β-mercaptoethanol), and boiled for 5 min. The samples were run on 18% SDS-polyacrylamide gels adjacent to protein size standards and purified core histones. Gels were stained with silver as described (20) with modifications (21).
Nuclease analysis
Deoxyribonuclease I (DNase I, Worthington Biochemicals), exonuclease III (exoIII, New England BioLabs), and micrococcal nuclease (MNase, Worthington Biochemicals) digestions were carried out in the following buffer: 10 mM Tris-HCl pH 7.5, 40 mM KCl, 1 mM MgCl 2 , 5 mM dithiothreiotol, 25 ng/µl BSA, 1% Ficoll, 5% glycerol. Nucleosome concentration in all experiments was 5 ng/µl.
For 2-dimensional DNase I analysis, 1 µl DNase I (diluted in 20 mM MgCl 2 , 1 mM CaCl 2 ) was added to a final concentration of 0.1-0.2 and 1-2 µg/ml for free and nucleosomal DNA, respectively, in 40-60 µl reactions, and the reactions were loaded immediately on a native 4% polyacrylamide gel in 0.5× TBE. Free and nucleosomal DNA was identified by autoradiography of the wet gel, the bands were excised, and the DNA was recovered by electroelution. After precipitation with ethanol and resuspension in formamide loading buffer, the DNA was separated on 6% polyacrylamide-7 M urea sequencing gels.
For exonuclease III analysis of nucleosome cores, end-labeled free or nucleosomal DNA in a 40 µl reaction volume was treated with a range of 0.1-100 U exoIII (diluted in 66 mM Tris-HCl pH 8.0, 0.66 mM MgCl 2 , 50% glycerol) at 21-25_C for 2 min. Reactions were stopped by addition of an equal volume of stop buffer (30 mM EDTA, 0.1% SDS, 50 µg/ml tRNA, 0.35 M NaCl). The DNA was extracted with phenol/CHCl 3 (1:1), followed by extraction with CHCl 3 and precipitation with ethanol. DNA was then resuspended in formamide loading buffer and separated on 6% polyacrylamide-7 M urea sequencing gels.
For MNase analysis of nucleosome cores, internally labeled free or nucleosomal DNA in a 60 µl reaction, including 0.5 mM CaCl 2 , was treated with 1 µl MNase (diluted in 5 mM Tris-HCl pH 7.5, 25 µM CaCl 2 ) to a final MNase concentration of 0.05-3.2 U MNase/µg DNA. Reactions were incubated at 21-25_C for 5 min and stopped by the addition of EGTA to 25 mM. Following extraction with phenol/CHCl 3 and then with CHCl 3 , the DNA was precipitated with ethanol and resuspended in 1 mM Tris-HCl pH 8.0, 0.1 mM EDTA. A portion of this sample was digested with the restriction endonucleases Bsp1286 I (for 3′ mapping) or BsrG I (for 5′ end mapping) as recommended by the enzyme manufacturer. Restriction 3 and 4) . Histone H2B stains more darkly than the others in our protocol. The position of the 180 bp DNA fragment, which also results in darker staining, is indicated at the left of the panel. ( C) Gradient purified core particles and free DNA were digested with a range of MNase. Free DNA was completely degraded, while terminal digestion products of ∼145 bp were evident in nucleosomal samples. digestions were stopped by the addition of EDTA, and DNA was recovered by precipitation with ethanol. MNase and MNase/restriction endonuclease treated DNA fragments were separated on 40 cm, 8% non-denaturing polyacrylamide gels.
Computer analysis
DNA structure analysis was done with the CURVATUR program of Shpiegelman et al. (22) . Shaded representations of the DNA fragments were rendered with the Vertigo solid modeling system (Vertigo, Inc., Vancouver, Canada).
RESULTS
Assembly of N1 nucleosome particles in vitro
To investigate nucleosome positioning by the albumin enhancer N1 region, we synthesized a DNA fragment spanning the 180 bp length of the N1 particle; the boundaries corresponded closely to those observed in mouse liver nuclei (see Fig. 4 below; ref. 12 ). The two binding sites for HNF3, designated eG and eH, lie at the center of the DNA fragment. Mononucleosome particles were Figure 2 . Stability of nucleosome during enzymatic assays. Nucleosome core particles were treated with MNase, exoIII or DNase I and loaded immediately on a native polyacrylamide gel. Lanes 1 and 2 are free and nucleosomal markers, respectively. The slower mobility of the particles in lanes 7 and 8 is apparently due to stable binding by exoIII.
assembled in vitro and separated from free DNA by glycerol gradient centrifugation (Fig. 1A) . The contents of fractions of nucleosome core particles were analyzed by SDS-PAGE, which showed that the particles contained core histones of the same stoichiometry as the input protein (Fig. 1B, compare lanes 3 and  4) . In contrast, no histone proteins were observed in corresponding gradient fractions from a mock assembly reaction containing only histones and no DNA (data not shown), or in the free DNA fraction from the nucleosome assembly products (Fig. 1B, lane  5) . Assembled 180 bp particles and free DNA were subjected to micrococcal nuclease (MNase) digestion, resulting in complete degradation of the free DNA (Fig. 1C, lanes 3-7) . The 180 bp particles exhibited resistance to degradation over the entire range of MNase (Fig. 1C) and gave rise to a terminal digestion product of ∼145 bp. Thus, the in vitro assembled mononucleosome cores resemble native particles isolated from nuclei.
Mapping enhancer nucleosome core translational positions
To determine whether the enhancer sequence preferred a subset of translational positions, nucleosome core particles were assembled on internally labeled DNA, digested with MNase, and subsequently digested with a restriction endonuclease to map the endpoints of MNase cleavage. Native gel analysis showed that the nucleosome cores were stable and free DNA was not liberated over the range of MNase used (Fig. 2, lanes 4 and 5) . Virtually all products of MNase digestion were 145 bp (Fig. 3A, lanes 6 and  7) , so all bands remaining after restriction nuclease cleavage must reflect DNA that was bound to the histone octamer. Cleavages at the 5′ end of the DNA were mapped by digestion with BsrG I, which recognizes a single site at enhancer position 591; thus, 3′ digestion products are within a small BsrG fragment that migrates much faster upon electrophoresis ('Bsr2'; Fig. 3B, lanes 2 and 5) . Separation of the larger 5′ reaction products from core particles on native 40 cm gels revealed a main band corresponding to DNA uncleaved by MNase, with a closely spaced band reflecting minor cleavage at position 472, as well as prominent bands indicating cleavage from positions 485 to 488 and positions 499 to 502 (Fig.  3B, lanes 6 and 7; Fig. 4 ). Since the nucleosomal DNA in these experiments had been trimmed to 145 bp (Fig. 3A, lanes 6 and 7) , full length fragment after Bsr digestion indicates that some histone octamers protected the end of the 180 bp fragment. MNase treated samples were also digested with Bsp1286 I, which recognizes a site at position 509, thereby mapping MNase cleavages at the 3′ end of the core particles. Three primary groups of sub-bands were observed, corresponding to MNase cleavages from enhancer positions 615-618, 635-638 and 645-649 (Fig.  3C, lanes 6 and 7; Fig. 4 ). These clusters are each ∼140-150 bp upstream of the three clusters determined at the 5′ end, suggesting that 5′ and 3′ groups of cleavages mark individual nucleosome positions. We estimate the error in this essay to be ±2 bp, and some boundaries are defined by more than one MNase band. We designate the three translational positions revealed by MNase as the A, B and C positions (Figs 3 and 4) .
The translational positions determined by MNase cleavage were confirmed by using exonuclease III, which digests one strand of DNA in a 3′→5′ direction and is inhibited by bound histones (24) . Nuclease-resistant fragments present in nucleosomal DNA, but not in free DNA, may therefore represent core particle boundaries. Native gel analysis confirmed that the N1 sequence nucleosome cores were stable and that free DNA was not liberated by exonuclease III treatment (Fig. 2, lanes 7 and 8) . At the 5′ end of the core particles, primary exoIII stops were observed near the 5′ end of the fragment, corresponding to position A, and at enhancer positions 483-485 and 500-504 (Fig.  5A, lane 8; Fig. 4 ). These were chased to positions 10 bp further in the particle at higher levels of exoIII (Fig. 5A, lane 9) , suggesting nibbling by the enzyme. Similarly, the 3′ end exoIII stops were evident at positions 645-651, 636-640 and 616 (Fig. 5B, lanes 9 and 10; Fig. 4 ) whereas at higher enzyme concentrations additional minor stops were seen at position 607-608 (Fig. 5B, lane 11) . As seen in Figure 4 , the prominent exoIII boundaries map within several base pairs of the boundaries of the A, B and C positions determined by MNase analysis. Taken together, the exoIII and MNase data indicate that the 180 bp N1 sequence has three preferred translational positions for nucleosome cores.
Heterogeneous rotational settings of 180 bp N1 nucleosomal cores
We next sought to determine whether the DNA in the 180 bp N1 particles was rotationally positioned. Rotational positioning would result in the appearance of a 10 bp DNase I cleavage ladder in the nucleosomal samples (4). For example, such a ladder is seen with nucleosome cores containing the MMTV LTR (25) . DNase-treated core particles assembled on the albumin enhancer N1 region or on the MMTV LTR, for comparison, were run on native polyacrylamide gels and band-purified. Native gel analysis showed that free DNA was not being liberated from the cores over the range of DNase used (Fig. 2, lanes 10 and 11) . The cleaved DNA was isolated, denatured, and run on a second dimension sequencing gel. The 180 bp N1 nucleosome cores exhibited a DNase I digestion pattern that differed from that of free DNA, but a clear 10 bp repeat was not seen on either DNA strand on N1 cores, even around the centers of the particles (Fig. 6A, lanes 2,  3, 5 and 6 ). In contrast, core particles assembled on a 171 bp fragment of the MMTV LTR (24) exhibited a distinct 10 bp ladder of cleavages, indicative of rotational positioning (Fig. 6B,  compare lanes 2 and 3) . This latter control demonstrates that our assembly reactions can yield rotational positioning with the appropriate DNA template, even when the template is larger than the 145 bp of DNA in a nucleosome core. The lack of a 10 bp ladder on the N1 core particles suggests that the particles do not assume a single rotational position on the 180 bp enhancer fragment. Thus, the DNase cleavage pattern of the 180 bp cores reflects a heterogeneous group of rotational settings.
Rotational positions preferred by particular translational positions
To address the possibility that albumin enhancer core particles occupying the individual A, B or C translational positions were rotationally positioned, we synthesized DNA templates of 151 or 152 bp that spanned each segment (Fig. 7B) . Nucleosome core particles assembled on these fragments were designated N1 A, N1 B and N1 C (Fig. 7B) . These core particles were subjected to the two dimensional DNase I assay described above. N1 C particles exhibited a clear 10 bp ladder of cleavages (Fig. 7A, compare  lanes 2 and 3; Fig. 7B ), indicating that core particles occupying the C translational position are rotationally positioned. The DNase pattern observed on N1 B particles was more complex, containing all of the DNase cleavages present in N1 C particles (Fig. 7) , as well as an additional set of cleavages with ∼10 bp spacing (Fig. 7A, lanes 5 and 6; Fig. 7B ). Thus, N1 B core particles exhibited two rotational positions spaced ∼4-5 bp apart. N1 A core particles exhibited most of the cleavages observed on N1 C and N1 B cores, as well as additional, prominent bands which do not have a 10 bp periodicity (Fig. 7A, lanes 8 and 9; Fig.  7B) . Therefore, the population of N1 A core particles contain a mixture of rotational positions. Comparing the 180 bp N1 core particle DNase pattern to that of the N1 A, N1 B and N1 C core particles reveals that the majority at DNase cleavages on the 180 bp cores are present in the N1 C and N1 B cores (see Fig. 6A , lane 6). The remainder of cleavages on the 180 bp cores are also evident in N1 A cores. Thus, we conclude that the DNase cleavage pattern observed on the original 180 bp core particles represents a mixture of the rotational settings found individually in the three translational positions. The different translational positions of albumin enhancer core particles therefore prefer different rotational settings.
DISCUSSION
Previous studies have shown that DNA sequence alone can be sufficient to position nucleosomes over regulatory elements (3, 4, (6) (7) (8) . Nucleosome positioning can also be dependent upon regulatory factor binding (9) (10) (11) , but the influence of the underlying DNA sequence in aiding these positioning effects has not been investigated. We previously reported the existence of precisely positioned nucleosomes over the albumin enhancer (12) . However, it was unclear whether factor binding alone is sufficient for positioning of the 180 bp N1 particle in vivo or whether the potential exists for factors to utilize intrinsic positioning properties of the DNA sequence. As described in the Introduction, the same question exists for other examples of factor-induced nucleosome positioning.
We studied the positioning of a nucleosome core particle on four different fragments of the albumin enhancer spanning the N1 region. Micrococcal nuclease and exonuclease III cleavage mapping of the 180 bp particles revealed three primary translational positions, designated A, B and C. Differences in the sequence specificity and molecular size of the two nucleases may result in the slight differences in the observed boundaries; differences observed are also within the limits of resolution of the gel systems. The A, B and C positions did not differ by multiples of 10 bp (Figs 3 and 4) , consistent with a lack of a single rotational position observed with DNase I. Moreover, the uneven spacing between the albumin enhancer translational positions shows that the particle boundaries determined by MNase and exoIII are not due to the propensity of the enzymes to nibble into the nucleosome DNA in 10 bp segments (26) . With regard to the A and C positions, which were at or near the ends of the 180 bp fragment, we cannot exclude the possibility that the DNA ends themselves affect positioning.
DNase I analysis of the individual N1 A, N1 B and N1 C core particles revealed more distinctive cleavage patterns than seen on the 180 bp particle. The N1 C core particles are rotationally positioned, similar to nucleosomes of the MMTV LTR (24) . Core particles occupying the N1 B translational position occupy two distinct rotational positions; that of the N1 C particle and another, 4-5 bp out of frame. The fact that these two settings are observed in a single population of N1 B cores as well as on the 180 bp cores indicates that the albumin enhancer DNA has inherent flexibility; it can be bent two opposite ways around the histone octamer. The N1 A particles contained yet another rotational setting. These findings are in marked contrast to what has been observed for the X.borealis 5S DNA (3, 4) and MMTV DNAs (8) , which occupy a single translational position (Fig. 6B) . It remains to be seen whether other DNA segments that become positioned due to factor binding contain inherently flexible DNA.
Although the N1 A, N1 B and N1 C core populations contained particles with different rotational settings, it is noteworthy that the N1 C setting was present in all three populations as well as in the Nucleosome positioning is directed in part by nucleotide sequence and is influenced by DNA flexibility, the locations of A-T and G-C rich regions, and intrinsic DNA bending (e.g. ref. 29) . To investigate the potential DNA structures assumed by the N1 region, we subjected the 180 bp sequence to the CURVATUR modeling program (22) , which predicts the three-dimensional path of DNA in space based on experimentally determined DNA wedge angles (27) , a strategy that has been verified by cryoelectron microscopy (28) . From the list of three-dimensional coordinates of each base pair, the bending pattern of the DNA fragment was determined and a shaded surface representation was prepared (Fig. 8) . We find that a major bend equivalent in magnitude to ∼30% of the curvature of nucleosomal DNA is centered midway between the eG and eH HNF3 binding sites, and a second bend occurs downstream of the eH site. The extent to which the predicted curvature of the albumin enhancer fragment may contribute to the nucleosome placement we observe is not yet clear, but the potential bend regions may serve as pockets within which the H3/H4 tetramer may nucleate core assembly (30), or they may more readily form kinks that are known to occur in DNA in the core particle (31, 32) .
We previously presented evidence that HNF3 binding plays a role in nucleosome positioning at the albumin enhancer (12) . These findings led to a model in which nucleosome positioning by HNF3 affects the binding of other enhancer-binding factors, and thereby, the transcription of the albumin gene (12) . We show here that the DNA sequence of the enhancer may contribute to the positioning observed in liver, even though the positioning effect of the sequence by itself is not dominant in chromatin. We suggest that the combined effects of HNF3 binding and the natural positioning properties of the DNA may result in the nucleosome position observed in liver. That is, HNF3 might position the N1 particle by stabilizing one of the translational and rotational positions preferred by the DNA.
Since the albumin enhancer sequence can stably adopt different rotational positions on the nucleosome, distinct settings might be favored at different developmental stages, depending upon the complement of binding factors present. This would result in differences in orientation of binding sites for other factors, either into or away from the histones, thereby affecting the ability of proteins to recognize their sites on DNA (33) . This hierarchical model might apply to other genetic elements that are susceptible to changes in nucleosome position when particular regulatory factors bind in chromatin.
